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We have studied charged current ν¯l induced one pion production from
12C and 16O nuclear
targets at MiniBooNE and atmospheric antineutrino energies. The calculations have been done for
the incoherent pion production process as well as for the pions coming from the hyperons in the
quasielastic production of Λ and Σ. The calculations are done in the local density approximation.
For the inelastic processes the calculations have been done in the ∆ dominance model and we take
into account the effect of Pauli blocking, Fermi motion of the nucleon and renormalization of ∆
properties in the nuclear medium. The effect of final state interaction(FSI) of pions is also taken
into account. For the hyperon production, the nuclear medium effects due to Fermi motion and FSI
effects due to hyperon-nucleon scattering have been taken into account. These results may be quite
useful in the analysis of SciBooNE, MicroBooNE, MINERνA, and ArgoNeuT experiments when the
pion analysis is done by using antineutrino beams.
PACS numbers: 13.15.+g, 13.75.Ev, 25.30.Pt
I. INTRODUCTION
Present and future neutrino oscillation experiments in the few-GeV energy region will focus on the measurement
of CP violation in the neutrino sector, especially after observation of a nonzero value of θ13. This requires a precise
determination of oscillation parameters to be determined by performing oscillation experiments with neutrino and
antineutrino beams. In order to facilitate extraction of various oscillation parameters from the analysis of these
experiments, it is desirable that the reaction cross sections for signal and background productions of leptons and pions
in neutrino and antineutrino induced reactions from nuclear targets be known with high precision. In the intermediate
energy region of a few-GeV, the cross sections for charged lepton production are dominated by quasielastic and various
inelastic processes involving pion production induced by charged and neutral currents in neutrino and antineutrino
reactions from nuclear targets.
In general, antineutrino cross sections in the few-GeV energy region are not as well known experimentally as the
neutrino cross sections, especially for the inelastic processes involving single pion production. In particular there
are no charged current(CC) antineutrino cross section measurements for pion production from nuclear targets in the
energy region of Eν¯ ≤ 1 GeV. The only experimental data available for these processes in the low energy region of
1 < Eν¯ < 3 GeV are from the old CERN bubble chamber experiment [1] using propane mixed with freon where
nuclear medium effects(NMEs) may be important. Indeed, a theoretical calculation done by Athar, Ahmad, and
Singh [2] shows that NMEs are decisive in explaining the observed data.
In the work of Athar, Ahmad, and Singh [2], the (CC) antineutrino induced pion production from nuclear targets
was calculated in a ∆ dominance model in which pions are produced through excitation of a ∆ resonance. The N−∆
transition form factors for vector and axial vector currents are determined by using conserved vector current, partially
conserved axial current hypothesis and generalized Goldberger-Treiman relation for off-diagonal N −∆ transition [3].
Various NMEs on ∆ production and their decay in a nuclear medium as well as the final state interaction(FSI) of pions
were calculated in a model which has been earlier applied successfully to explain neutrino induced pion production in
the energy region of Eν ≤ 1.2GeV [4].
In this paper, we apply the model as described in Refs. [2, 4] with all the parameters fixed from the analysis of
neutrino induced pion production from nuclear targets to study the pion production induced by antineutrinos in
nuclei. Except in the case of antineutrino reactions in nucleon and nuclei there is an additional contribution to the
pion production from the quasielastic ∆S = 1 processes in which hyperons like Λ,Σ−,0 can be produced and decay
subsequently to pions. These processes are generally Cabibbo suppressed as compared to the ∆ production process but
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2could be important in the low energy region of antineutrinos relevant to MiniBooNE [5], T2K [6], and atmospheric [7]
neutrino experiments. This possibility was discussed by Singh and Vacas [8], but no detailed quantitative estimates
were made.
In this study, we also include the contribution of π− and π0 which come from the decay of hyperons(Y ) in the
nuclear medium and present results for total production cross section of pions due to ∆ and hyperon excitations in
nuclei. The lepton energy as well as Q2(square of the four momentum transfer) distributions are also presented and
compared for the processes corresponding to ∆ and Y production leading to pions through their subsequent decay.
In the case of hyperon production NMEs in the production process as well as the FSI due to quasielastic and charge
exchange hyperon nucleon scattering have also been taken into account [9]. However, NMEs on the hyperon nucleon
scattering processes are not taken into account. Moreover, we do not include the FSI of pions within the nuclear
medium which are produced as a result of hyperon decays. This is because the decay width of pionic decay modes of
hyperons is highly suppressed in the nuclear medium [9], making them live long enough to pass through the nucleus
and decay outside the nuclear medium and thus less affected by the strong interaction of nuclear field. This is not the
case with the pion produced through strong decays of delta, which are further suppressed by the strong absorption
of pions in the nuclear medium [10, 11]. Therefore, in the low energy region the Cabibbo suppression in the case
of pion production through hyperons may be to some extent compensated by the threshold suppression as well as
strong pion absorption effects in the case of pions produced through delta excitation. The experimental results from
SciBooNE [12], MINERνA [13], MicroBooNE [14], and ArgoNeuT [15] in the antineutrino mode will be available in
the near future, and the present results will be useful in the analysis of these experiments. In Sec. II, we recall the
formalism used for pion production through ∆ excitation and, in Sec. III, the formalism used for production of pions
through hyperon excitation. We present our results, conclusions, and discussions in Sec. IV.
II. PION PRODUCTION THROUGH ∆ EXCITATION
The basic reaction for the inelastic one pion production in nuclei, for an antineutrino interacting with a nucleon N
inside a nuclear target, is given by
ν¯l(k) +N(p)→ l+(k′) + ∆(p∆)

N ′(p′) + π(kπ) (1)
where l = e, µ and N,N ′ = p or n. In the case of incoherent pion production in the ∆ dominance model, the weak
hadronic currents interacting with the nucleons in the nuclear medium excite a ∆ resonance which decays into pions
and nucleons. The pions interact with the nucleus inside the nuclear medium before coming out. The FSI of pions
leading to elastic, charge exchange scattering, and the absorption of pions lead to reduction of pion yield. NMEs on
∆ properties lead to modification in its mass and width which have been discussed earlier by Oset et al. [16, 17] and
applied to explain the photon and electron induced pion production processes from nuclei.
In the local density approximation, the expression for the total cross section for the charged current one pion
production is written as [2]
σ =
1
(4π)5
∫ rmax
rmin
ρN (r)d~r
∫ Q2max
Q2
min
dQ2
∫ k′max
k′min
dk′
∫ +1
−1
d cos θπ
∫ 2π
0
dφπ
π|~k′||~kπ |
ME2νEl
× 1
E′p + Eπ
(
1− |~q|
|~kpi|
cos θπ
)∑¯∑ |Mfi|2, (2)
where ρN (r) is the nucleon density defined in terms of nuclear density ρ(r), for example, in the case of π
− production,
ρN (r) = ρn(r) +
1
9
ρp(r).
The transition matrix elementMfi is given by
Mfi =
√
3
GF√
2
fπN∆
mπ
cosθcu¯(p
′)kσπPσλOλαu(p)Lα, (3)
where Lα is the leptonic current defined by
Lµ = v¯l(k
′)γµ(1− γ5)vν(k) (4)
3and Oβα is the N − ∆ transition operator taken from Lalakulich, Paschos, and Piranishvili [18]. Pσλ is the ∆
propagator in momentum space and is given as
Pσλ = P
σλ
P 2 −M2∆ + iM∆Γ
(5)
where Pσλ is the spin-3/2 projection operator and the delta decay width Γ is taken to be an energy dependent
P − wave decay width [16, 17]:
Γ(W ) =
1
6π
(
fπN∆
mπ
)2
M
W
|~qcm|3. (6)
|~qcm| is the pion momentum in the rest frame of the resonance, and W is the center of mass energy. fπN∆ is the πN∆
coupling constant taken as 2.12 for numerical calculations. Inside the nuclear medium, the mass and width of delta
are modified, which in the present calculation are taken into account following the works of Oset et al. [16, 17] and
has been discussed in our earlier works [2, 11]. The pions produced in this process are scattered and absorbed in the
nuclear medium. This is treated in a Monte Carlo simulation which has been taken from Ref. [10].
III. PION PRODUCTION THROUGH HYPERON EXCITATION
∆S = 1 hyperon (Y ) production processes induced by antineutrinos producing pions are given as Eq.(1) with ∆
replaced by Y :
ν¯l(k) +N(p)→ l+(k′) + Y (p′)

N ′(p′) + π(kπ) (7)
where Y = Λ,Σ0,−. The differential scattering cross section for this process in the laboratory frame may be written
as
dσ =
δ4(k + p− k′ − p′)
16π2EνMN
d3k′
2Ek′
d3p′
2Ep′
∑∑¯
|M|2 (8)
where MN is the nucleon mass andM is the matrix element written as
M = GF√
2
sin θcv¯l(k
′)γµ(1− γ5)vν(k) Jµ (9)
Jµ is the hadronic current, which is written as
Jµ = u¯Y (p
′)
[
γµf1(q
2) + iσµν
qν
M +MY
f2(q
2)− γµγ5g1(q2)− qµ
MY
γ5g3(q
2)
]
uN(p) (10)
where fi(q
2) (i = 1, 2) and gi(q
2) (i = 1, 3) are the vector and axial vector N − Y (Y = Λ,Σ−,Σ0) transition form
factors, respectively, which are given in terms of the functions FVi (q
2) and DVi (q
2) corresponding to vector couplings
and FAi (q
2) and DAi (q
2) corresponding to axial vector couplings and are taken from Ref. [8].
When the reactions shown in Eq. (7) take place on nucleons which are bound in the nucleus, Fermi motion and
Pauli blocking effects of initial nucleons are considered. The Fermi motion effects are calculated in a local Fermi gas
model, and the cross section is evaluated as a function of local Fermi momentum pF (r) and integrated over the whole
nucleus. The differential scattering cross section in this model is given by
dσ
dQ2dEl
= 2
∫
d3r
∫
d3p
(2π)
3
nN (p, r)
[
dσ
dQ2dEl
]
free
, (11)
where nN (p, r) is the occupation number of the nucleon. nN (p, r) = 1 for p ≤ pFN and is equal to zero for p > pFN ,
where pFN is the Fermi momentum of the nucleon. The produced hyperons are further affected by the FSI within
the nucleus through the hyperon-nucleon quasielastic and charge exchange scattering processes like Λ + n→ Σ− + p,
Λ + n → Σ0 + n, Σ− + p → Λ + n, Σ− + p → Σ0 + n, etc. Because of such types of interaction in the nucleus, the
probability of Λ or Σ production changes and has been taken into account by using the prescription given in Ref. [8].
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FIG. 1: σ(Eν¯µ) vs Eν¯µ for pi
− & pi0 production in 12C, in the ∆ dominance model and via intermediate hyperons.
In this prescription an initial hyperon produced at a position r within the nucleus interacts with a nucleon to produce
a new hyperon state within a short distance dl with a probability P = PY dl, where PY is the probability per unit
length given by
PY = σY+n→f (E) ρn(r) + σY+p→f (E) ρp(r),
where f denotes a possible final hyperon-nucleon [Yf (Σ or Λ)+N(n or p)] state with energy E in the hyperon-nucleon
center of mass system, ρn(r)[ρp(r)] is the local density of the neutron(proton) in the nucleus, and σ is the total cross
section for a charged current channel like Y (Σ or Λ) + N(n or p) → f [8]. Now a particular channel is selected,
which gives rise to a hyperon Yf in the final state with the probability P . For the selected channel, the Pauli blocking
effect is taken into account by first randomly selecting a nucleon in the local Fermi sea. Then a random scattering
angle is generated in the hyperon-nucleon center of mass system assuming the cross sections to be isotropic. By using
this information, hyperon and nucleon momenta are calculated and Lorentz boosted to the lab frame. If the nucleon
in the final state has momenta above the Fermi momenta, we have a new hyperon type(Yf ) and/or a new direction
and energy of the initial hyperon(Yi). This process is continued until the hyperon gets out of the nucleus.
As the decay modes of hyperons to pions is highly suppressed in the nuclear medium [9], making them live long
enough to pass through the nucleus and decay outside the nuclear medium, therefore, the produced pions are less
affected by the strong interaction of nuclear field, and their FSI have not been taken into account.
IV. RESULTS AND DISCUSSION
We find that in the case of pions produced through ∆ excitations NMEs lead to a reduction of around 32% - 40% for
antineutrino energies 0.4 < Eν¯µ < 1.2GeV. When pion absorption effects are taken into account, the total reduction
in the cross section is around 40% - 50%. Furthermore, the production cross sections of these pions are inhibited by
the threshold effects, and there is almost no cross section until Eν¯ = 400 MeV. In the case of pions produced through
the hyperon production, there is an overall suppression by a factor of sin2θc but these are kinematically favored as the
Λ production starts around Eν¯ = 250 MeV while Σ
− and Σ0 production starts around Eν¯ = 325 MeV. We find that
the effect of the Fermi motion of the initial nucleons is quite small on the quasielastic production of hyperons, and
the effect of FSI results in an enhancement in the Λ production cross section and a suppression in the Σ production
cross section. This is due to the fact that Σ−,0 can disappear through the quasielastic processes like Σ−+ p→ Λ0+n
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FIG. 2: Q2 and lepton energy distributions for ν¯µ induced reaction in
12C averaged over the MiniBooNE flux and for ν¯e,µ
induced reaction in 16O averaged over the Super-Kamiokande flux are shown with nuclear medium and FSI effects. The pi−
production from hyperon excitations has been scaled by a factor of 2.5.
or Σ0 + n→ Λ0 + n or through some other channels, whereas this is inhibited for the Λ to change into Σ due to the
difference in masses. We find that the effect of the FSI increases with the increase in the mass number of the nucleus.
In Fig. 1, we compare the results for the cross sections σ(Eν¯) for one pion production obtained from the hyperon
excitation and the ∆ excitation. These results are presented with nuclear medium and FSI effects for the pions
interacting with the residual nucleus for π− as well as π0 productions obtained in the delta dominance model and the
pions obtained from the hyperons where the medium effects in hyperon production and FSI due to hyperon-nucleon
interaction in the nuclear medium have been taken into account. When the results for the cross sections are compared
in these two processes, we find that, at lower antineutrino energies Eν¯ < 500 MeV, the contribution of π
− from the
hyperon excitation is more than the pions coming from the ∆ excitation. For Eν¯ > 500 MeV the contribution from
∆ excitation starts dominating and at Eν¯ = 1 GeV the contribution of π
− from the hyperon excitation is around
60 0.5 10
0.05
0.1
0.15
0.2
0.25
<d
σ 
/dQ
2 >
 ( x
 10
-
38
cm
2  
/ G
eV
2 )
0 0.5 1
Q2 (GeV2)  →
0
0.05
0.1
0.15
0 0.5 10
0.02
0.04
0.06
0.08
0.1
pi
0 
 (∆)
pi
0 
 (Y)
MiniBooNE
SK ν
e
SK νµ
νµ
0 0.5 1 1.5 20
1
2
3
4
5
6
<d
σ 
/dE
l>
 ( x
 10
-
40
cm
2  
/ G
eV
)
pi
0 
 (Y)
pi
0 
 (∆)
0 0.7 1.4
El (GeV)  →
0
0.5
1
1.5
2
2.5
3
0 0.7 1.40
0.5
1
1.5
2
2.5
MiniBooNE SK ν
e
SK νµ
νµ
FIG. 3: Q2 and lepton energy distributions for pi0 production. The lines have the same meaning as in Fig. 2. The pi0 production
from hyperon excitations has been scaled by a factor of 1.33.
20% of the total π− production. In the case of ν¯l induced π
0 production, the contribution of π0 from the hyperon
excitation is larger up to antineutrino energy of 650 MeV than the contribution of π0 from the ∆ excitation. At Eν¯
= 1 GeV the contribution of π0 from the hyperon excitation is around 30% of the total π0 production. Qualitatively
similar effects are also obtained in the case of 16O which are in agreement with the results earlier obtained by Singh
and Vacas [8].
Motivated by these results in Figs.2 and 3, we have presented, respectively, the results for the Q2 distribution and
lepton energy distribution, averaged over the MiniBooNE [19] and Super-Kamiokande [20] spectra. We must point
out that the different scales have been used for π−(scaled by 2.5) and π0(scaled by 1.33) productions from hyperon
excitations. The results are presented for the differential cross sections calculated with nuclear medium and pion
absorption effects for the pions obtained from the decay of ∆ excitation. For the Q2 distribution of pions obtained
from the hyperon excitation, we find that when the contribution for the pions coming from all the hyperons mentioned
in Eq.(7) are taken together, there is negligible effect of nuclear medium and FSI on the total pion production. We
7observe that, in the peak region of Q2 distribution, the contribution of π− from the hyperon excitations is almost
40% to the contribution of π− from the ∆ excitation, whereas in the case of π0 production the contribution from
hyperon excitations is almost 75% to the contribution of π0 from the ∆ excitation in the peak region. Thus in the
case of π−/π0 the contribution from hyperon production is quite significant and must be taken into account in all the
Monte Carlo generators looking for the pion events through the inelastic channel.
In the case of El distribution of leptons accompanied by a π
−(π0), we find that in the peak region the contribution
from hyperon excitations is almost 40%(75%) of the contribution from the ∆ excitation if the differential cross
sections dσ
dEl
are folded with MiniBooNE flux. When the lepton energy distribution dσ
dEl
is folded with the atmospheric
antineutrino flux, the contribution from hyperon excitations to the π− production is around 45% of the π− from ∆
excitation, whereas there is almost equal contribution of π0 from ∆ and hyperon excitations.
To summarize our results, we find that the reduction due to nuclear medium and FSI effects in the case of pions
obtained from ∆ excitation is large enough to compensate for Cabibbo suppression of pions produced through hyperon
excitations. Because of this, pion production from hyperons is larger than the pion production from ∆ excitation up
to the antineutrino energies of about 500 MeV for π− production and 650 MeV for π0 production. This results in
a significant contribution to pion production from hyperon excitation when folded with the spectra of MiniBooNE
or atmospheric antineutrino fluxes. These results will have important implications in the analysis of SciBooNE,
MicroBooNE, MINERνA and ArgoNeuT experiments when the data come up using antineutrino beams.
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